Deficiency of fatty acid translocase Cd36 has been shown to have a major role in the pathogenesis of metabolic syndrome in the spontaneously hypertensive rat (SHR). We have tested the hypothesis that the effects of Cd36 mutation on the features of metabolic syndrome are contextually dependent on genomic background. We have derived two new congenic strains by introgression of limited chromosome 4 regions of SHR origin, both including the defective Cd36 gene, into the genetic background of a highly inbred model of insulin resistance and dyslipidemia, polydactylous (PD) rat strain. We subjected standard diet-fed adult males of PD and the congenic PD.SHR4 strains to metabolic, morphometric and transcriptomic profiling. We observed significantly improved glucose tolerance and lower fasting insulin levels in PD.SHR4 congenics than in PD. One of the PD.SHR4 strains showed lower triglyceride concentrations across major lipoprotein fractions combined with higher levels of low-density lipoprotein cholesterol compared with the PD progenitor. The hepatic transcriptome assessment revealed a network of genes differentially expressed between PD and PD.SHR4 with significant enrichment by members of the circadian rhythmicity pathway (Arntl (Bmal1), Clock, Nfil3, Per2 and Per3). In summary, the introduction of the chromosome 4 region of SHR origin including defective Cd36 into the PD genetic background resulted in disconnected shifts of metabolic profile along with distinct changes in hepatic transcriptome. The synthesis of the current results with those obtained in other Cd36-deficient strains indicates that the eventual metabolic effect of a deleterious mutation such as that of SHR-derived Cd36 is not absolute, but rather a function of complex interactions between environmental and genomic background, upon which it operates.
INTRODUCTION
Metabolic syndrome is a complex human condition with rising prevalence worldwide. Recently, several previously used definitions have been merged into a unified definition of the metabolic syndrome (Alberti et al., 2009) . This definition lists dyslipidemia, obesity, hypertension and fasting glucose levels among the syndrome's major components. In spite of clear evidence of the ecogenomic (genome Â environment interactive) nature of the pathogenesis of the syndrome and its individual aspects, the identification of causal genetic variants remains elusive even in the era of large, genome-wide association studies (Kraja et al., 2011) . To date, one of the few successfully and positionally cloned culprits linked to many facets of the metabolic syndrome is a gene coding for fatty acid translocase Cd36, mutation of which has been originally found in the spontaneously hypertensive rat (SHR) (Aitman et al., 1997 (Aitman et al., , 1999 Pravenec et al., 2001) . Interestingly, the complex nature of mutation of Cd36 (a chimeric gene owing to unequal recombination between the Cd36 gene and one of its pseudogenes) in SHR (Glazier et al., 2002) does not result in complete lack of expression, but rather in severe, tissue-specific downregulation of the gene (Bonen et al., 2009) . Although rare, complete deficiencies of Cd36 were reported in humans (Yamamoto et al., 1994; Kashiwagi et al., 1996) and a murine model featuring complete knockout of Cd36 is available (Febbraio et al., 1999) , models carrying the 'incomplete' type of mutation may relevantly represent the more subtle functional consequences of common polymorphisms in human Cd36 gene. Actually, several single-nucleotide polymorphisms in the human Cd36 gene were recently associated with lipid levels, metabolic syndrome (Love-Gregory et al., 2008; Noel et al., 2010) or obesity (Bokor et al., 2010) , although the latter has not been unanimously confirmed (Choquet et al., 2010) .
We have previously shown that introgression of rat chromosome 4 segment including the mutant Cd36 gene from SHR into the Brown Norway genome results in deterioration of insulin sensitivity and increase in triacylglycerol and free fatty acid levels in the BN.SHR4 congenic strain (Seda et al., 2002) . Furthermore, we have found this limited portion of genome to be crucial for several pharmacogenetic interactions involving the insulin sensitizer rosiglitazone (Seda et al., 2003a (Seda et al., , 2008 and glucocorticoid dexamethasone (Krupkova et al., 2010) . In SHR, Cd36 was established as a key determinant of the insulin-sensitizing actions of thiazolidinediones using SHR transgenic and congenic strains expressing wild-type Cd36 (Qi et al., 2002) . In this study, we have tested the metabolic and transcriptomic impact of the presence of defective Cd36 within the genomic background of a highly inbred model of metabolic syndrome, the polydactylous rat (Kren, 1975; Sedova et al., 2000) . The choice was driven by our previous differential linkage study conducted in PD Â BN.SHR4 cross, in which we mapped several suggestive and significant quantitativetrait loci of metabolic syndrome-related traits in the region of Cd36/Fat gene (Seda et al., 2003b) .
MATERIALS AND METHODS

Rat strains
The polydactylous rat strain (PD/Cub, PD hereafter, Rat Genome Database (Dwinell et al., 2009 ) (RGD) ID no. 728161) is a highly inbred strain (F490) showing metabolic syndrome attributes (Sedova et al., 2000; Seda et al., 2005) , kept since 1969 at the Institute of Biology and Medical Genetics, First Faculty of Medicine, Charles University in Prague (Kren, 1975) . In this study, we have established two new congenic strains combining the genomic information of two established genetic models of metabolic syndrome, PD and the spontaneously hypertensive rat (SHR/OlaIpcv, SHR hereafter, RGD ID no. 631848). Such a combination was achieved by introgression of the chromosome 4 segment of SHR origin into the PD genetic background, using marker-assisted backcross breeding. After verifying the congenicity of both the new strains by a whole-genomic marker scan, we precisely defined the extent of SHR-derived regions by genotyping 54 polymorphic microsatellite markers (Table 1) .
Experimental protocol
Our study was performed in conformity with the Animal Protection Law of the Czech Republic (311/1997), which is in compliance with the European Community Council recommendations for the use of laboratory animals 86/ 609/ECC and was approved by the Ethical committee of the First Faculty of Medicine. Adult rat males were held under temperature-and humiditycontrolled conditions on a 12-h/12-h light-dark cycle. Throughout the study, the animals had free access to food (standard chow) and water. At the age of 4 months, adult males of both congenic strains and the parental strain PD (n ¼ 6-8 per strain) were subjected to oral glucose-tolerance test after overnight fasting and the blood samples for other metabolic measurements were drawn. Then the animals were killed and the total weight and the weight of heart, liver, kidneys, adrenals, epididymal and retroperitoneal fat pads were determined; liver tissue was snap frozen in liquid nitrogen for further analyses of gene expression.
DNA extraction, genotyping
PCR was used for genotyping markers polymorphic between progenitor strains. We tested the DNA of both congenic strains (PD.SHR4a, n ¼ 8; PD.SHR4b, n ¼ 6) and the progenitor strains PD/Cub and SHR. The rat DNA was isolated by a modified phenol-extraction method from tail-incision samples. Nucleotide sequences of primers were obtained from public databases (RGD, http://rgd.mcw.edu/, The Welcome Trust Centre for Human Genetics, http://www.well.ox.ac.uk/ or Whitehead Institute/MIT Center for Genome Research, http://www-genome.wi.mit.edu/). The PCR products were separated on polyacrylamide (7-10%) gels, detected in ultraviolet light after ethidiumbromide staining using Syngene G:Box.
Metabolic measurements
The oral glucose-tolerance test (OGTT) was performed after overnight fasting and the blood samples for the glycemia determination (Ascensia Elite Blood Glucose Meter; Bayer HealthCare, Mishawaka, IN, USA, validated by Institute of Clinical Biochemistry and Laboratory Diagnostics of the First Faculty of Medicine) were obtained from the tail vein at intervals of 0, 30, 60, 120 and 180 min after intragastric glucose administration to conscious rats (3 g kg À1 body weight, 30% aqueous solution). The lipid profile (cholesterol and triglyceride blood concentration in 20 lipoprotein fractions, glycerol level and chylomicron, very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-density lipoprotein particle sizes) was assessed by high-performance liquid chromatography (HPLC) as described previously (Krupkova et al., 2010; Usui et al., 2002) . Serum free fatty acids were determined using an acyl-CoA oxidase-based colorimetric kit (Roche Diagnostics GmbH, Mannheim, Germany). Serum insulin concentration was determined using an ELISA kit for rat insulin assay (Mercodia, Uppsala, Sweden). Serum levels of adiponectin were determined using Rat Adiponectin ELISA kit (B-Bridge International, Cupertino, CA, USA).
Transcriptomic profiling and quantitative real-time PCR
Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified with the RNeasy MinElute cleanup kit (Qiagen, Valencia, CA, USA) following the manufacturer's recommendations. The quality of the total RNA was evaluated on an Agilent 2100 Bioanalyzer system (Agilent, Palo Alto, CA, USA). Microarray experiments were performed using the GeneChip Rat Exon 1.0 ST array (interrogates over 850 000 exon clusters), with approximately four probes per exon and roughly 40 probes per gene (Affymetrix, Santa Clara, CA, USA). Following the ribosomal reduction procedure (Invitrogen), from 1 mg total RNA, each sample was processed using the GeneChip Whole Transcript Sense Target Labeling Assay (Affymetrix). Briefly, after the rRNA reduction procedure, double-stranded cDNA was synthesized with random hexamers tagged with a T7 promoter sequence, then it was amplified by T7 RNA polymerase producing complementary RNA; in the second cycle of cDNA synthesis, complementary RNA was used to produce sense singlestranded cDNA and 5.5 mg was fragmented, labeled and hybridized onto the chip (PD.SHR4a-2 chips; PD-3 chips). The whole hybridization procedure was performed using the Affymetrix GeneChip system according to the protocol recommended by Affymetrix. The hybridization was evaluated with Affymetrix GeneChip Command Console Software (AGCC) and the quality of the chips with Affymetrix Expression Console. Partek Genomics Suite (Partek, St Louis, MO, USA) was used for data analysis. The data were normalized by using Robust Multichip Average (RMA) algorithm, which uses background adjustment, quantile normalization and summarization.
To validate microarray gene expression data, quantitative real-time PCR (SYBR-Green) was used. Total RNA (2 mg) was reverse-transcribed with random primers using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Primers were designed using Primer3 (Rozen and Skaletsky, 2000) and synthesized by Integrated DNA Technologies. The primer sequences are listed in Supplementary Table 2 . Real-time PCR reaction was performed in quadruplicate with EXPRESS SYBR GreenER qPCR SuperMix with Premixed ROX Kit according to the manufacturer's protocol (Invitrogen, Burlington, ON, Canada) using Applied Biosystems (Burlington, ON, Canada) Real-Time PCR System. Results were analyzed using the Pfaffl analysis method (Pfaffl, 2001 ) with reference genes peptidylprolyl isomerase B and 18S.
Statistical and pathway analyses
The metabolic and morphometric data were compared by one-way analysis of variance with strain as main factor followed by Tukey's honest significance difference test for detailed pair-wise comparison.
Transcriptomic data
After evaluation of the hybridization, the quality control and the data normalization by robust multi-array analysis (RMA), the gene expression was compared between the PD.SHR4a and PD strains using Partek Genomics Suite (Partek). The transcripts found to be significantly differentially expressed between PD and PD.SHR4a strains (FDRo0.1, n ¼ 172) were included in the gene enrichment and pathway/network analyses, which were performed using web-based DAVID functional enrichment analysis (Huang da et al., 2009) and Ingenuity Pathway Analysis software v.9 applications.
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RESULTS
Genomic characteristics of the differential segments in the new PD.SHR4 congenic strains
Our genotyping scan of 54 polymorphic microsatellite markers revealed the extent of the chromosome 4 differential segments of SHR origin in the two PD.SHR4 congenic strains (Table 1) . In PD.SHR(D4Arb13-D4Rat125)-PD.SHR4a hereafter-the SHRderived segment spans about 21 Mb, while in PD.SHR(cenLmbr; D4Rat147-D4Rat151)-PD.SHR4b hereafter-the introgressed segment is discontinuous as it extends 37 Mb from the centromere with a limited interruption at 1.3-2.4 Mb ( Table 1) . Several total genome scans conducted throughout the PD.SHR4 strains derivation eventually excluded the presence of other non-PD alleles than those fixed on chromosome 4, confirming the congenicity of the new strains. The SHR-derived segments on chromosome 4 hence represent the only genomic differences between PD and PD.SHR4 congenic strains.
Morphometry and basic metabolic profile
The PD and the two PD.SHR4 strains did not show any differences in body weight, adipose tissue distribution or relative weights of internal organs except for the slightly lower liver weight in PD.SHR4a (Table 2 ). Both congenic strains displayed significantly lower levels of fasting plasma glucose and insulin, as well as an overall amelioration of glucose tolerance compared with the PD progenitor ( Figure 1 ). The concentrations of plasma adiponectin and free fatty acids were comparable among the three strains, while free glycerol was significantly lower in both PD.SHR4a and PD.SHR4b congenics ( Table 2) .
Detailed lipid profile
We observed significantly lower total triglyceride (TG) concentration in PD.SHR4a compared to PD, particularly driven by 43% and 22% differences in VLDL and LDL fractions, respectively (Table 3 , Figure 2a ). The same, yet less pronounced trend towards lower TG was present in PD.SHR4b, reaching statistical significance only for LDL and high-density lipoprotein fractions (Table 3 , Figure 2a ). While the total cholesterol was comparable between PD and PD.SHR4a congenic strain, upon a detailed analysis we observed significant elevation of LDL cholesterol in the congenic, unique to this strain (Table 3 , Figure 2b ). Total cholesterol was lower in PD.SHR4b compared to PD, mostly due to lower concentrations of high-density lipoprotein cholesterol (Table 3 , Figure 2b ). Only PD.SHR4b showed somewhat altered sizes of lipoprotein particles with larger VLDL compared to both PD and PD.SHR4a and smaller LDL particles compared to PD.SHR4a only (Supplementary Table 1 ).
Liver transcriptome comparison
As the PD.SHR4a strain carries a substantially smaller chromosome 4 differential segment compared to PD.SHR4b (Table 1) and at the same time it displayed more profound shifts in its metabolic profile, we decided to contrast its hepatic transcriptome with that of the PD rat. After filtering the results for quality parameters and adjusting (Table 4 and Supplemental Data Set). The rest of the differentially expressed genes were spread across almost all the other chromosomes. In order to validate the results of the microarray experiment, we performed quantitative realtime PCR assessment of the expression of nine representative genes: ATP-binding cassette, sub-family G (WHITE), member 5 (Abcg5); early growth response 1 (Egr1); insulin-like growth factor binding protein 2 (Igfbp2); period homolog 2 (Drosophila) (Per2); nuclearreceptor subfamily 1, group I, member 3 (Nr1i3); apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1 (Apobec1); apolipoprotein L, 3 (Apol3); insulin induced gene 1 (Insig1); and aryl hydrocarbon receptor nuclear translocator-like (Arntl). As evident from Supplementary Figure 1 , in all cases we were able to confirm the direction of expression change between PD and PD.SHR4a, in most of them the degree of up-or downregulation corresponded well. The relative overexpression of Igfbp2, Per2 and Nr1i3 in PD.SHR4a was even greater than the one ascertained by microarray.
Pathway/network analysis Using all 172 significantly differentially expressed genes, we carried out a systematic search for their enrichment in ontological categories, canonical pathways or disease-related gene sets as well as their potential functional connections. First, we examined the degree of over-representation of our set of genes in the canonical pathways using the relevant module in the Ingenuity Pathway Analysis v.9 software. After correction for multiple testing using BenjaminiHochberg false discovery rate, we identified four pathways significantly enriched by the genes most distinctly expressed in PD vs Figure 1 The glucose tolerance and fasting insulin in PD vs PD.SHR4 congenic strains. The course of glycemic curves in PD (white squares) vs PD.SHR4a (black squares) and PD.SHR4b (gray triangles) male rats fed standard diet. Fasting insulin concentrations in PD (white bar) vs PD.SHR4a (black bar) and PD.SHR4b (gray bar). Significance levels for oral glucose-tolerance test are given for the factor strain of one-way ANOVA; for fasting insulin, the strain comparison using the post-hoc Tukey's honest significance difference test of the one-way ANOVA with strain as major factor is shown as follows: *Po0.05; **Po0.01; ***Po0.001. and PD.SHR4b (gray bars) male rats. Within the graph, the significance levels for strain differences are shown for one-way ANOVA (STRAIN factor) as follows: *Po0.05; **Po0.01; ***Po0.001. The allocation of individual lipoprotein subfractions to major lipoprotein classes is shown in order of the particle's decreasing size from left to right. CM, chylomicron; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein.
Cd36 deficiency improves insulin sensitivity L Š edová et al PD.SHR4: circadian rhythm signaling, xenobiotic metabolism signaling, PXR/RXR activation and LPS/IL-1-mediated inhibition of RXR function (Supplementary Figure 2) . In the subsequent toxicity functions analysis (as implemented in IPA), only liver regeneration, liver steatosis and renal tubule injury surpassed the statistical threshold for significant over-representation both in the total sample of 172 The P-value is adjusted for multiple comparisons.
Cd36 deficiency improves insulin sensitivity L Š edová et al genes and in the subset upregulated in PD.SHR4. Then, we proceeded to assess the potential functional relations among the genes differentially expressed between PD.SHR4a and PD using dynamic pathway modeling. Both approaches focusing on direct interactions of identified genes or the 'shortest path' among them revealed several major modules, the most prominent being formed by the four major genes involved in circadian rhythmicity (Figure 3 ).
DISCUSSION
The transfer of a limited segment of rat chromosome 4 including the mutated Cd36 gene of SHR origin into the genomic background of PD rat strain elicited an improvement in glucose tolerance, lowering of insulinaemia and shifts in lipid levels contrasting with those reported previously after a similar transfer to Brown Norway genomic background (Seda et al., 2002 (Seda et al., , 2003a ; Table 5 ). As we have previously shown the concentrations of insulin, glucose, free fatty acids and cholesterol to be comparable in PD and SHR strains (Sedova et al., 2000) , the current results indicate the presence of an interaction between gene(s) within the introgressed segments and genomic background of the congenic strains. Although many of the studies including ours demonstrated the association of lack of Cd36 with metabolic syndrome features like insulin resistance or dyslipidemia (Aitman et al., 1997 (Aitman et al., , 1999 Febbraio et al., 1999; Pravenec et al., 2001; Seda et al., 2002) , there are also reports suggesting that, in certain circumstances, the expression level of Cd36 actually correlates positively with unfavorable metabolic profile. Recently, it has been shown by Love-Gregory et al. (2011) that in African-Americans the Cd36 variants that reduce protein expression appear to promote a protective metabolic profile, particularly concerning high-density lipoprotein and VLDL lipid levels Cd36 deficiency improves insulin sensitivity L Š edová et al (Love-Gregory et al., 2011) . Also, the Cd36 knockout mice fed chow diet displayed lower fasting concentrations of glucose and insulin compared with wild-type controls (Hajri et al., 2002) , similarly to PD.SHR4 congenics in the current study. On the other hand, their triglyceride and free fatty acid levels were increased in contrast to the decrease or no change observed in our study (Table 5) . Absence of Cd36 also protects mice from insulin resistance associated with high fat diet-induced obesity and hyperlipidemia (Kennedy et al., 2011) and, conversely, increased expression of hepatic Cd36 in response to high fat diet-induced obesity was found to be sufficient to exacerbate hepatic triglyceride storage and secretion (Koonen et al., 2007) . One of the mechanisms responsible may lie in the fact that human islets express Cd36 in the plasma membrane as well as in the insulinsecretory granules, and Cd36 activity was deemed important for uptake of fatty acids into b-cells as well as for mediating their modulatory effects on insulin secretion (Noushmehr et al., 2005) . Altogether, it is apparent that the eventual metabolic effect of Cd36 deficiency is tightly linked to a particular setting of both genomic background (for example, PD.SHR4 vs BN.SHR4 (Seda et al., 2002 (Seda et al., , 2003b ; Table 5 and Supplementary Figure 3 ) and environmental factors, particularly diet (Febbraio et al., 1999; Hajri et al., 2002; Koonen et al., 2007; Kennedy et al., 2011) or medication (Qi et al., 2002; Seda et al., 2003a; Seda et al., 2008; Krupkova et al., 2010) . Therefore, the apparently controversial issue of causal relation between level of Cd36 expression and metabolic outcome may be resolved by adoption of broader conceptual framework incorporating other (eco)genomic factors.
Apart from Cd36, significant overexpression of Igfbp2 in PD.SHR4a (yet genetically of PD origin in both strains) represents a possible mediator of the enhanced insulin sensitivity, as was reported, for example, in Igfbp2 transgenic mice (Wheatcroft et al., 2007) . The observation of concurrent upregulation of Abcg5 and downregulation of Insig1 in PD.SHR4 congenic follows well their assumed respective roles in cholesterol efflux and its cellular feedback regulation. This shift, reported also in Insig1 À/ ÀInsig2 À/ À mice (Engelking et al., 2005) , may suggest a tendency toward increasing lipid deposition in liver, although we did not validate this parameter directly.
One of the intriguing results in the current study was the identification of a differentially expressed set of circadian clockrelated genes (Figure 3) . The fundamental interrelatedness of circadian rhythmicity, inter-and intra-organ desynchrony with the metabolic and signaling pathways involved in the pathogenesis of cardiometabolic diseases has been supported by an ever-growing body of evidence, reviewed recently in detail elsewhere (Eckel-Mahan and Sassone-Corsi, 2009; Maury et al., 2010) . The gene most downregulated in PD.SHR4a liver compared with PD was Arntl (also known as Bmal1), an essential component of master circadian pacemaker (Bunger et al., 2000) , together with upregulated Per2 and Per3 genes, two natural inhibitors of Bmal1 and parts of its negativefeedback loop. There is a certain resemblance to the studies in liverspecific Bmal1 knockout mice, which show hypoglycemia restricted to the fasting phase of the daily cycle and enhanced glucose clearance after an overnight fast (Lamia et al., 2008) , but not reduced fastinginsulin levels, found in both PD.SHR4 congenic strains and complete Bmal1 knockout (Lamia et al., 2008) . We are not aware of any previous report functionally linking the metabolic outcomes of Cd36 polymorphisms to circadian-clock circuitry.
Finally, we observed several differences in lipid levels and liver weight between the two congenic strains. There are several plausible candidates for these effects within the three regions differing between PD.SHR4a and PD.SHRb, namely Insig1, serotonin receptor Htr5a or carnitine O-octanoyltransferase (Crot) as indicated in Table 1 . We cannot completely exclude the possibility that some of the other genes of SHR origin are present in the differential segment(s) of the congenic PD.SHR4 strains contributed to the observed metabolic effects commonly present in both congenics and SHR. However, the transcriptome analysis and functional annotation of all the genes in the segment reinforce rather the effect of the Cd36 mutation. Within the differential segment of the PD.SHR4a strain, there are 58 welldocumented protein-coding genes (Supplemental Table 3 ) among about 120 transcripts. Of those, only Cd36 was found to be differentially expressed between PD and PD.SHR4a. Further studies are needed to assess the effect of Cd36 and the whole differential segment under distinct nutritional and pharmacological challenges, especially given our previous extensive documentation of nutrigenetic and pharmacogenetic interactions of a similar genomic region in the BN.SHR4 congenic strain (Seda et al., 2003a (Seda et al., , 2008 Krupkova et al., 2010) . In sum, the introduction of mutated Cd36 into the genomic background of an inbred model of metabolic syndrome resulted in disconnected shifts of metabolic profile along with distinct changes in hepatic transcriptome. Our network analysis revealed possible pathways underlie the improvement of insulin sensitivity toward a shift in lipid profile. The synthesis of the current results with those obtained in other Cd36-deficient strains indicates that the eventual metabolic effect of a deleterious mutation such as that of SHR-derived Cd36 is not absolute, but rather a function of complex interactions between environment and genomic background, upon which it operates.
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